To test hypotheses concerning physiological factors limiting the rate of aerobic exercise metabolism we used a unique experimental evolution model: lines of bank voles selected for high swim-induced aerobic metabolism (A) and unselected, control lines (C). Here we investigated putative adaptations to the increased performance in the hind limb muscle (gastrocnemius joined with plantaris). The body mass-adjusted muscle mass was higher in A-(0.093g) than in C-lines (0.083g; p=0.01). However, the selection did not affect mean muscle fibre cross-section area (p=0.34) or glycogen content assessed with histochemical periodic acid-Schiff reaction (PAS; p=0.81). The results suggest that the increased aerobic performance has been achieved by the increase of total muscle mass, without major qualitative changes in the muscle fibre architecture. However, such a conclusion should be treated with caution, because other modifications, such as increased density of capillaries or mitochondria, could occur.
Introduction
The maximum rate of aerobic exercise metabolism is a trait of special interest from both medical and evolutionary-comparative perspectives, because it is regarded as a reliable index of the overall vital status in humans, and presumably played a crucial role in the evolution of locomotor performance and endothermy (Swallow et al., 2009) . Despite intensive research, the discussion concerning physiological factors limiting the rate of aerobic metabolism remains open (Gębczyński and Konarzewski, 2011) . To test hypotheses concerning these factors we used an experimental evolution model: lines of bank voles (Myodes glareolus Schreber, 1780) selected towards high swim-induced aerobic metabolism (A-lines; Sadowska et al., 2015) . In generation 13 th , voles from the A-lines achieved a 46% higher mass-adjusted aerobic metabolism during voluntary swimming ( Fig. S1 ; Sadowska et al., 2015) and a 20%
higher mass-independent maximum rate of oxygen consumption in forced-exercise test on a treadmill, than those from the unselected, control C-lines (unpublished data). We expected correlated changes in subordinate morpho-physiological traits, which should have changed proportionally to the increased performance (cf. Swallow et al., 2009) . In this research, we focused on the putative adaptations in skeletal muscles.
Both endurance training and selection for high aerobic performance result in numerous changes to meet increased oxygen and substrate demands of working muscles. One of the most profound is shortening the mean distance of diffusive transport of oxygen from capillaries to mitochondria, which can be achieved by decreasing area of fibres or increasing the number of capillaries (Wong et al., 2009) . The increase of sustained aerobic exercise performance can be also facilitated by an increased ratio of the number of slow-twitch oxidative fibres to fast-twitch glycolytic ones (Guderley et al., 2008) . For example, it has been shown that the endurance training in both humans and rodents results in transformation of glycolytic type fibres into oxidative ones (Yan et al., 2011) . The slow oxidative fibres typically contain lower amount of glycogen than the glycolytic ones (He and Kelly, 2004) .
Therefore, we hypothesized that the selection for high swim-induced aerobic metabolism resulted in decreased muscle fibre area and decreased fibre glycogen stores (assessed with histochemical periodic acid-Schiff reaction, PAS) in hind limb muscles.
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Materials and methods
The artificial selection experiment
The rationale and history of the selection experiment on bank voles, and detailed description of procedures and animal maintenance conditions, are described in Sadowska et al. (2015) . In short, A-lines ("Aerobic") are selected towards high aerobic exercise metabolism, measured as the 1-minute maximum swim-induced oxygen consumption. Water temperature is maintained at 38°C, to ensure that the test involves only locomotor and not thermoregulatory effort. Four replicate A-selected lines and four randomly bred, unselected C-lines ("Control") are maintained to account for random genetic processes (Fig. S1 ).
All the procedures associated with the breeding scheme, the selection protocol and euthanasia were approved by the Local Bioethical Committee in Krakow, Poland (No. 68/2012 Table S1 ).
Serial 4-m paraffin muscle venters cross-sections were cut with motorized rotary microtome (Hyrax M55, Zeiss, Oberkochen, Germany) at the ⅓ and ½ of the muscle length starting from its origin point at the condyle of the femur. Serial sections were placed on poly L-lysinecoated microscope glass slides, deparaffinized in xylene, and periodic acid-Schiff reaction (PAS) was performed using 1% periodic acid (50 min; Carl Roth, Darmstadt, Germany) and Schiff's reagent (50 min; Carl Roth, Karlsruhe, Germany). Afterwards slides were cleared in ST Ultra (Leica) and mounted on CV Ultra (Leica).
The cross-sections were pre-examined under 10× objective magnitude: only not-torn, notfolded and properly stained sections were qualified for imaging. Selected cross-sections were Journal of Experimental Biology • Advance article scanned under 40× objective magnification using VS120 system (Olympus, Tokyo, Japan) that produces high-resolution multiplane virtual images, examined further in cellSens software (Olympus). To ensure representative sampling of the muscle fibres for analysis, we first divided each cross-section into three compartments that corresponded to the anatomical parts of the hind limb muscle: internal (including gastrocnemius medial head), central (including plantaris muscle) and external (including gastrocnemius lateral head; Fig. 1A ).
Each of the three compartments was then dived into arbitrary quarters, one random point was chosen in each of the quarters, and a naturally outlined, cohesive bundle containing the random point was analysed. If the random point indicated a bundle that contained free spaces or was damaged during tissue processing, another bundle, the closest not damaged one, was chosen for analysis. If the indicated bundle comprised less than 50 fibres, an additional, adjacent bundle was also measured and these bundles were analysed together. The 12 bundles from each cross-section (four in each of the three anatomical compartments) were manually outlined and a circle of similar radius was inscribed in each fibre within the bundle (Fig. 1A , B). The software provided data about the total area of the bundle (µm 2 ), number of fibres within the bundle, and the mean colour saturation of every fibre in the bundle (dimensionless). To exclude cell boundaries from calculation of the saturation, the saturation was measured only for the circles inscribed in the fibres. A reference background saturation (mean saturation in areas where the tissue was not present) was similar in all slides (range:
0.11-0.95) and small in comparison to that of fibres' saturation (1.3-132.4), and therefore no correction for background was made. The above analyses were performed by two researchers.
Statistical analyses
Mean fibre area (MA) was calculated by dividing bundle area by number of fibres within that bundle. Mean fibre colour saturation (MS) was an average saturation of all fibres in a bundle.
Therefore, the dependent variables MA and MS were the means for a bundle on a crosssection (12 means for each individual).
First, we analysed repeatability of measurements performed by two researchers and homogeneity of the muscle structure across and along its length. On a subset of 16 individuals, separate cross-sections made at ½ of the muscle length were analysed independently by the two researchers, and a cross-section at ⅓ of the muscle length was analysed by one of the researchers (each researcher analysed 8 of these cross-section). 
Pearson correlation coefficients (r) between a) results obtained independently by the two
Results and discussion
The analyses performed on a subset of 16 individuals showed that the values of mean colour saturation (MS) were highly correlated between the two cross-sections at ½ muscle length analysed independently by two researchers (0.93<r<0.96, p<0.001; Table S2B ). However, the correlations between MA measured on three compartments of the same cross-section were usually lower (0.48<r<0.79, p<0.06; Table   S2C ). Thus, the muscle venter was morphologically more differentiated (in term of fibre size) across cross-section than along its length. Therefore, we decided to perform all further measurements on only one cross-section (at ½ of its length), but on more fibre bundles at this location, rather than on a fewer bundles on two cross-sections. The high correlation between results obtained independently by two researchers showed that the method of choosing the bundles of fibres for analyses provided a representative sample and that the estimates of MA and MS were highly repeatable.
Body mass was higher in males than in females (p<0.01), but did not differ significantly between A-and C-lines (p=0.81) and the line Type×Sex interaction was not significant (Table   1) . Joined gastrocnemius and plantaris muscles mass increased with body mass (common slope±95%CI: 0.003±0.001 g/g, t78=8.49, p<0.001). The muscles mass, adjusted for body mass, was higher in males than in females and higher in A-lines than in C-lines (the line Type×Sex interaction was not significant; Table 1 ). Likelihood ratio test indicated that random replicate Line effect contributed significantly to the muscle mass variance (χ 2 =6.5, p=0.011).
The Mean muscle fibre area (MA; log transformed) increased with the body mass both in A- Mass-adjusted MA did not differ significantly between the A-and C-lines or between sexes (Table 1) . We expected that selection could modify differently the three muscle compartments (cf. Guderley et al., 2008) , but neither the effect of Compartment nor the line Type×Compartment interaction were significant (Table 1 ). The line Type×Sex interaction was not significant, either. In the above analysis we assumed a common regression slope, even though body mass×Sex and body mass×Sex×line Type interactions were marginally significant (both p=0.04). Therefore, we performed the analysis also separately for males and females, but the additional results did not change the conclusions (Table S3) Mean fibre PAS staining saturation (MS; log transformed), the index of glycogen content, tended to be higher in males than in females (p=0.06), but did not differ between the line Types (p=0.81, According to the optimal fibre size hypothesis, actual fibre size should be a compromise between small fibres that shorten oxygen diffusion distance and large fibres, for which membrane potential costs are lower because of a lower surface to volume ratio (Jimenez et al., 2013) . Decreased fibre area shortens diffusion distance, so it can be an adaptation to higher aerobic performance. Indeed, Wong et al. (2009) showed that selection for high voluntary wheel-running in laboratory mice, i.e. a trait associated with aerobic locomotor performance, resulted in decreased muscle mass and decreased fibre area. In another experimental evolution model system, selection toward high endurance running in rats resulted in similar changes (decreased muscle mass and fibre area; Howlett et al., 2003) . Our results indicate that selection toward high aerobic performance not necessarily results in alterations in muscle fibre area.
Slow-twitch oxidative fibres, characterized by lower glycogen content than fast-twitch glycolytic ones, are widely recognized to play a major role in endurance physical performance. However, PAS staining revealed no differences in the glycogen content in the muscle fibres between voles from the A-and C-lines. Similarly, rats selected for high endurance running did not have increased percentage of oxidative fibres or changed glycogen content compared to those selected for low endurance running (Howlett et al., 2003) .
However, selection for high wheel-running performance in mice resulted in increased proportion of oxidative fibres (Guderley et al., 2008) and simultaneously a higher glycogen content when compared to unselected mice (Gomes et al., 2009) . Therefore, based only on the PAS staining results, the modifications in muscle fibre-type composition in our model system cannot be definitely excluded.
It could be argued that the effect of selection on the muscle fibre characteristics was not detected because the samples of fibres analysed were not representative for a muscle.
However, we showed that the results obtained independently by two researchers, and results for cross-sections made at two distant sites of the muscles, were highly correlated. Moreover, the analyses revealed significant random effects of replicate Lines. Therefore, the Journal of Experimental Biology • Advance article methodology was also adequate to detect a difference between the A and C lines if it were greater than expected from random effects.
To summarize, our results suggest that the increased aerobic performance of the selected voles' muscles has been achieved mainly by the increase of the muscle mass, without major qualitative changes in the muscle architecture. However, such a conclusion should be treated with caution, because other modifications, such as increased density of capillaries or mitochondria, could occur. Such possibilities, as well as possible modifications in the central oxygen delivery systems (pulmonary and cardiovascular), will be the subject of further research within the framework of the unique experimental evolution model system. Tables   Table 1 
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